The molecular mechanisms of luteolysis and its inhibition during maternal recognition of pregnancy remain unclear.
T HE HIGHLY VASCULAR corpus luteum is formed from the follicle, with its avascular granulosa cells, after ovulation during a period of intense tissue remodeling and angiogenesis (1, 2) . In a nonconception cycle the human corpus luteum loses its functional and structural integrity to become a small fibrous avascular remnant in a matter of days. Luteolysis involves tissue remodeling with an increase in matrix metalloproteinases (3), cell death (4), vascular regression, and an influx of macrophages (5) . The corpus luteum is rescued from luteolysis by human chorionic gonadotropin (hCG) during a conception cycle, and its structural and functional integrity is maintained (6) . It is still not known, at a molecular level, what initiates luteolysis and how hCG, by binding to steroidogenic cell LH receptors, inhibits the underlying process.
We have developed a system for the collection of carefully dated human corpora lutea from normally cycling women (3, 5, 7) . In addition, we are able to study simulated early pregnancy in women using exogenous treatment with logarithmically increasing concentrations of hCG before collection of the corpus luteum (8) . This allows us to compare the early luteal phase, when the corpus luteum is forming, with the midluteal phase, when the corpus luteum is fully formed and functional. We can also compare the late luteal phase in the absence of hCG, where luteolysis is initiated, with the late luteal phase in the presence of hCG, where the corpus luteum is rescued (6) .
Connective tissue growth factor (CTGF) is a heparin-binding growth factor that is a member of the CTGF/cysteine-rich 61/nephroblastoma-overexpressed family of genes. It has been implicated as a paracrine regulator of cell proliferation, angiogenesis, cellular taxis, and remodeling of the extracellular matrix (9 -11) . In addition, CTGF is expressed in the ovary (12, 13) , where it is thought to have a paracrine role in follicular development (14) . CTGF is expressed in granulosa cells of smaller follicles, and it is developmentally regulated by the actions of FSH during follicular development (15) . In rodents and pigs, CTGF mRNA expression is down-regulated during FSH-induced granulosa cell maturation (12, 15) .
In addition, it has been suggested that granulosa cell CTGF expression is up-regulated at ovulation, and this up-regulation is associated with the intense angiogenesis seen during formation of the corpus luteum (12) .
We hypothesized that if CTGF had a major role in luteal tissue and vascular remodeling, it would be differentially regulated over the life span of the corpus luteum and in the presence of exogenous hCG. In this study we report the spatio-temporal expression of CTGF mRNA in human corpora lutea and the effect of hCG on its expression in vivo and in vitro using primary cell culture models.
Patients and Methods

Collection of human corpora lutea
Human corpora lutea were collected at the time of surgery from women undergoing hysterectomy for benign conditions (n ϭ 28). All women had regular cycles and had not received any form of hormonal treatment in the 3 months before taking part in the study. Before surgery the women collected a daily early morning urine sample, and the corpora lutea were dated on the basis of the urinary LH surge as described previously (6, 7) . In this study, five corpora lutea were classified as early luteal (LHϩ1 to LHϩ5), 10 as midluteal (LHϩ6 to LHϩ10), and seven as late luteal (LHϩ11 to LHϩ14). In addition, six women were given daily doubling doses of hCG (Profasi, Serono Laboratories, Welwyn Garden City, UK), starting at 125 IU, from LHϩ7 for 5-8 d until surgery. This regimen has been shown to rescue the corpus luteum and mimic the hormonal changes of early pregnancy (3, 8) .
The collection of human corpora lutea was approved by the reproductive medicine subcommittee of the Lothian medical research ethics committee, and all women gave informed consent. At operation, the corpus luteum was quartered to ensure that each quarter contained all cellular elements of the corpus luteum. Two quarters were immediately frozen and stored at Ϫ70 C until RNA extraction was carried out. The remaining tissue was fixed in either 10% neutral buffered formalin or 4% paraformaldehyde for subsequent in situ hybridization and immunohistochemistry. In all cases an endometrial biopsy corroborated our urinary-based, tissue-dating system (16) .
Collection of human luteinized granulosa cells
The reproductive medicine subcommittee of the Lothian medical ethics committee separately approved the collection of cells from patients undergoing assisted conception. With patient consent, follicular fluid was collected from women undergoing transvaginal oocyte retrieval for in vitro fertilization after ovarian stimulation using a standard procedure (17) . Briefly, a long-protocol stimulated cycle was followed, using intranasal naferelin (Pharmacia Biotech, Milton Keynes, UK) for down-regulation and daily purified gonadotropins (Menopur, Ferring Pharmaceuticals, Langley, UK) for ovarian stimulation. When at least three follicles reached 18 mm in diameter, 10,000 IU hCG was administered. Transvaginal oocyte collection was performed under sonographic guidance 35 h later.
Granulosa cells were obtained from the follicular aspirates after the removal of oocytes. Individual follicles were not distinguished, and all follicular fluid from the same individual was pooled and centrifuged at 1500 rpm for 10 min. The cells were resuspended in culture medium (DMEM/Ham's F-12 mixture, Invitrogen Life Technologies, Inc., Gaithersburg, MD), layered over a 45% Percoll/culture medium mixture (18) , and centrifuged at 1200 rpm for 30 min to pellet the blood cells. Luteinized granulosa cells, visible in the interface, were collected by pipette and washed three times in PBS. The cells were resuspended in culture medium, and viable cells were counted using a trypan blue exclusion test. Eighty-thousand viable cells were plated onto each well of 24-well plates precoated with Matrigel (BD Biosciences, Bedford, MA) (17, 18) and cultured using 1 ml culture medium (DMEM/Ham's F-12 mixture with supplements as described below) at 37 C in 5% CO 2 in air.
Derivation of luteal fibroblast-like cells
To derive ovarian fibroblast-like cells, suspensions of luteinized granulosa cells were cultured in plastic flasks in DMEM/Ham's F-12 mixture supplemented with 10% fetal bovine serum (Sigma-Aldrich Corp., St. Louis, MO) with penicillin (50 mg/liter), streptomycin (60 mg/liter), amphotericin B (2.5 mg/liter), and l-glutamine (2 mmol/liter). The medium was changed weekly, and after 6 -12 wk the fibroblast-like cells had reached confluence, and the granulosa cells had disappeared. These fibroblast-like cells were then removed from the flasks using trypsin/ EDTA solution, counted using trypan blue exclusion, and added to 24-well plates as described below for additional investigation.
Immunohistochemistry
The corpora lutea from each stage of the luteal phase that had been fixed in 4% paraformaldehyde for 24 h and embedded in paraffin wax (n ϭ 12) underwent immunohistochemistry and in situ hybridization. Immunohistochemical reagents were obtained from Vector Laboratories Ltd. (Southgate, UK) or DakoCytomation Ltd. (Ely, UK). Endothelial cells were detected using a mouse monoclonal antibody to CD31 (DakoCytomation Ltd.). Five-micrometer sections were cut onto polyl-lysine-coated slides, dewaxed, and rehydrated. The slides were then placed in a 0.01 m sodium citrate buffer, pH 6, microwaved at 450 watts for two rounds of 5 min each, and left to stand for 20 min. Tissues were permeabilized with 0.1% Triton in PBS and blocked for 1 h with normal rabbit serum diluted 1:5 with PBS and 50 mg/ml BSA. The primary antibody was applied at a concentration of 1:20 in block for 18 h at 4 C. Specific antibody binding was detected using the alkaline phosphataseantialkaline phosphatase detection method. Rabbit antimouse antibodies diluted 1:60 in block were added for 30 min, followed by the tertiary mouse alkaline phosphatase-antialkaline phosphatase complex (diluted 1:100 in block) for an additional 30 min. Nitro blue tetrazolium was used to color regions of antibody binding blue.
Fibroblasts were detected using a mouse monoclonal antibody to human fibroblast antigen (Oncogene Research, Boston, MA). Antigen retrieval involved proteolytic digestion where sections were incubated for 30 min at 37 C in 0.1% trypsin with 0.1% calcium chloride buffered with 0.25 m Tris-HCl. Endogenous peroxidase was blocked using a 3% solution hydrogen peroxide in methanol before incubation with normal horse serum diluted 1:67 with PBS. The primary antibody was applied at a concentration of 1:15 in block and incubated for 18 h at 4 C. After washing, the slides were incubated with biotinylated horse antimouse antibodies diluted 1:200 in PBS for 30 min at room temperature. An avidin-biotin complex linked to horseradish peroxidase was added for 1 h, and antibody binding was visualized using diaminobenzidine to give a brown color. Slides then were dehydrated, mounted, and examined. Negative controls in each case consisted of similar concentrations of mouse IgG replacing the primary antibody.
Characterization of the cellular composition of primary cell cultures
To determine the cellular composition of primary cultures of luteinized granulosa cells and the fibroblast-like cells, cell suspensions from these cultures were analyzed by immunocytochemistry. Cells were prepared and cultured as described below until ready for experimentation. Cultured cells were removed from the culture wells using a trypsin and EDTA solution and resuspended in a solution of culture medium containing 10% fetal bovine serum. The cells were pelleted, washed in PBS, and fixed in 10% formaldehyde for 10 min. After centrifugation to pellet the cells, they were additionally washed in PBS and resuspended in 2% low melting point agarose prepared in PBS. The mixture was pipetted into molds and allowed to solidify at room temperature. These molds were then processed into paraffin blocks for subsequent immunocytochemistry.
Five-micrometer sections were cut onto poly-l-lysine-coated slides, dewaxed, rehydrated, and blocked with hydrogen peroxide (3%) in methanol and serum (1:5 in PBS) from the species of the secondary antibody as described above. The primary antibody was applied in serum block for 18 h at 4 C. Steroidogenic cells were identified by 3␤-hydroxysteroid dehydrogenase (3␤-HSD) immunostaining as described previously (19) . Endothelial cells were identified by CD31 im-munostaining as described above. Because cells were lost after antigen retrieval with proteolytic digestion, we were unable to use the fibroblast antibody described above. Fibroblasts were therefore identified by immunocytochemistry for ␣-smooth muscle actin (␣-SMA) as described previously (19) . Immune cells were identified using a mouse monoclonal antibody (1:50) to human leukocyte common antigen (LCA; CD 45, DakoCytomation Ltd). An avidin-biotin horseradish peroxidase detection system was used with diaminobenzidine detection. After dehydrating and mounting, the proportion of immunopositive cells was counted (four preparations). Negative controls were serial sections where the primary antibody had been replaced with appropriate concentrations of mouse IgG or rabbit serum (3␤-HSD).
All fibroblast-like cell cultures examined were uniform in immunostaining. They were 3␤-HSD negative, CD31 negative, ␣-SMA positive, and LCA negative. There was cell immunostaining heterogeneity in cultures of luteinized granulosa cells. 
In situ hybridization
In situ hybridization was performed as described previously (20) . The template CTGF cDNA clone corresponded to nucleotides 746-1134 of the full-length human CTGF sequence (GenBank accession no. NM_001901). Antisense and sense (used as a negative control) probes were prepared using an RNA transcription kit (Ambion, Inc., Austin, TX) and were labeled with [ 35 S]UTP (NEN Life Science Products, Boston, MA). Deparaffinized sections (5 m; n ϭ 12) were treated with 0.1 n HCl and then digested in proteinase K (5 g/ml; Sigma-Aldrich Corp.) for 30 min at 37 C. After prehybridization for 2 h at 55 C, hybridization was performed in a moist chamber overnight as described previously (20) . High stringency posthybridization washings and ribonuclease (RNase) treatment were used to remove excess probe. Slides were then dehydrated, dried, and dipped in Ilford G5 liquid emulsion (Ilford Imaging, Cheshire, UK). After an exposure time of 3 wk, slides were developed (Kodak D19 developer, Eastman Kodak Co., Rochester, NY) and fixed (Kodak GBS). All slides were counterstained with hematoxylin and eosin, dehydrated, and mounted.
Preparation of cDNA from corpora lutea
Total RNA was extracted from 0.2-0.5 g frozen corpora lutea samples (n ϭ 28) using Tri-Reagent (Sigma-Aldrich Corp.) according to the manufacturer's instructions. The integrity of the RNA was confirmed from the absorbance at a 260/280 nm ratio and by ethidium bromide gel electrophoresis. The RNA concentration was calculated by absorbance (260 nm) measured on a GeneQuant-Pro spectrophotometer (Amersham Biosciences, Little Chalfont, UK). To eliminate genomic DNA contamination, 10 g RNA was treated with deoxyribonuclease-I (RQ-1 RNasefree deoxyribonuclease, Promega Corp., Southampton, UK) by incubation at 37 C for 30 min, and the reaction was stopped by the addition of stop solution (20 mm EGTA; Promega Corp.) and heating to 70 C for 10 min.
RT was performed under carefully controlled conditions using a TaqMan RT kit with random hexamers (Applera UK, Warrington, UK). Samples were treated simultaneously from the same reagent mix containing 2 l RT buffer, 2 l deoxy-NTPs (10 mm), 1 l each of RNase inhibitor (20 U/l), random hexamers (50 m), Multiscribe RT enzyme (50 U/l), 2.4 l MgCl 2 (25 mm), and 0.2 g deoxyribonuclease-treated RNA in a final sample volume of 20 l. RT was performed at room temperature for 10 min and at 42 C for 60 min, and was stopped by incubation at 95 C for 10 min. The resulting cDNA was stored at Ϫ20 C until use. An equal amount of human placental total RNA (1 mg/ml; Cambridge Bioscience, Cambridge, UK) was concomitantly reverse transcribed to provide cDNA for the generation of standard calibration curves.
Investigation of CTGF expression in primary cell culture
To identify candidate molecules in the regulation of CTGF, a review of the literature on potential regulators of skin CTGF expression during wound healing, concentrations of candidate molecules, and known luteal products was undertaken. To assess the effects of these candidate molecules on fibroblast-like cell CTGF expression, 80,000 cells were added to each well of 24-well plates. After 24 h in serum-free conditions, fresh serum-free medium was added containing 1) progesterone (SigmaAldrich Corp.; 0.1, 1, and 10 m and control), 2) activin A (R&D Systems, Inc., Abingdon, UK; 10, 50, and 100 ng/ml and control) (21), 3) IL-1␣ (R&D Systems, Inc.; 5, 50, and 500 pg/ml and control) (22) , and 4) dibutyryl cAMP (VWR International Ltd., Lutterworth, UK; 0.5, 1, and 5 mm and control) (23) . All controls contained the carrier solution equivalent to the highest concentration added. After 24 h, cells were collected for mRNA extraction. Two to four replicates were performed in up to five separate experiments.
Luteinized granulosa cells were cultured in medium supplemented with glutamine (2 mmol/liter), insulin (6.25 mg/liter), transferrin (6.25 mg/liter), selenious acid (6.25 g/liter), amphotericin (2.5 mg/liter), penicillin (50 mg/liter), and streptomycin (60 mg/liter) as described previously (18) . Medium was changed every 2-3 d over the course of the culture period. For the time-course experiment, cells were grown for 11 d in the presence or absence of hCG (10 ng/ml; Serono) (24) over three replicates, and mRNA was extracted on d 2, 5, 8, and 11. The dose of hCG was equivalent to the lowest dose giving maximal stimulation of progesterone in pilot dose-response experiments (24) .
For coculture experiments, approximately 40,000 fibroblast-like cells were added to the wells containing the luteinized granulosa cells after culture for 6 -7 d. This was based on pilot experiments showing this time to be optimal in terms of the progesterone response to hCG treatment and this cell mix to be optimal for the detection of changes in CTGF expression. After coculture for 24 h in serum-free medium, fresh serumfree medium was added containing either hCG (10 ng/ml) or the carrier control. After 24 h, mRNA was extracted from cocultures, and controls consisting of fibroblasts were added to wells without granulosa cells and with granulosa cells with no fibroblasts added. Each coculture and control treatment was replicated eight times in two to four separate experiments.
To assess the effects of candidate molecules in cocultures, the experiments were repeated with the following additions: 1) low-density lipoprotein (LDL; 50 mg/liter; Sigma-Aldrich Corp.), hCG (10 ng/ml) and LDL (50 mg/liter), hCG (10 ng/ml), and hCG (10 ng/ml) and aminoglutathamide (100 m; Sigma-Aldrich) (25); 2) hCG (10 ng/ml) and control with no additions; 3) hCG (10 ng/ml) and control with follistatin (100 ng/ml; R&D Systems, Inc.) (26) ; and 4) hCG (10 ng/ml) and control with indomethacin (10 m; Sigma-Aldrich Corp.) (27) . After 24 h, medium was collected for progesterone measurement, and cells were collected for mRNA extraction. The dose of the inhibitor used was that shown to have maximal inhibition in cell culture experiments in other systems (25) (26) (27) .
Measurement of progesterone
Progesterone concentrations in the culture medium collected were measured using a plate modification of a standard in-house progesterone RIA. This assay had an intraassay coefficient of variation of less than 4%, an interassay coefficient of variation of less than 11%, and a detection limit of 0.1 nmol/liter.
Preparation of cDNA from cultured cells
After removal and storage of culture medium, cells were rinsed in PBS and Tri-Reagent was added. The resulting solution was stored at Ϫ70 C until batch extraction of RNA was carried out. RNA was extracted following the manufacturer's instructions. To remove contaminating genomic DNA, RNA was treated with deoxyribonuclease I at a concentration of 1 U/g RNA for 30 min at 37 C. After stopping the reaction with stop solution, the samples were heated to 70 C for 10 min. Using random hexamers, 200 ng RNA was reverse transcribed in a solution containing 5.5 mm MgCl 2 , 2.5 m random hexamers, 500 m of each deoxy-NTP, 0.4 U/l RNase inhibitor, and 1.25 U/l Multiscribe reverse transcriptase (Applied Biosystems, Warrington, UK). Samples were in-cubated at room temperature for 10 min, followed by 42 C for 60 min, and 95 C for 10 min. Two controls were used: one omitted the Multiscribe enzyme, and the other omitted the template RNA.
Primer design
Oligonucleotide PCR primers for each gene investigated were designed using Primer3 software (www-genome.wi.mit.edu/cgibin/ primer/primer3_www.cgi) from DNA sequences obtained from GenBank (www.ncbi.nlm.nih.gov). To minimize amplification of genomic DNA, the forward and reverse primers for each gene were chosen from different exons where possible. The sizes of PCR products were designed to be less than 250 bp to optimize the RT-PCR quantification. Primers were synthesized by MWG-AG Biotech (Milton Keynes, UK), and all products were sequenced using ABI PRISM Big Dye Terminator Sequencing Kits (Applied Biosystems) to confirm the nature of the fragment. The 5Ј to 3Ј primer sequences were: CTGF: forward, TC-CCAAAATCTCCAAGCCTA; and reverse, GTAATGGCAGGCACAG-GTCT; glucose-6-phosphate dehydrogenase (G6PDH): forward, CGG-AAACGGTCGTACACTTC; and reverse, CCGACTGATGGAAGGC-ATC; LH receptor: forward, ATGAAGCAGCGGTTCTCG; and reverse, TTGACAGGGAGGTAGGCAAG; 3␤-HSD: forward, CCATGAAGAA-GAGCCTCTGG; and reverse, GTTGTTCAGGGCCTCGTTTA; progesterone receptor (A and B): forward, TGGAAGAAATGACTGCATCG; and reverse, TAGGGCTTGGCTTTCATTTG; and vascular endothelial growth factor receptor-2 (VEGF-R2): forward, GTTATCCAAGCGGC-AAATGT; and reverse, AAAGACACGCTCTCCTGCTC.
PCR
One microliter of the cDNA solution from cultures of fibroblast-like cells and luteinized granulosa cells was used as the template in subsequent optimized PCRs, which were carried out using Taq DNA polymerase (Promega Corp.). Reaction conditions were 0.25 U/l Taq, 0.5 m of each primer, 0.2 mm deoxy-NTPs, 0.1% Triton X-100, 50 mm KCl, 10 mm Tris-HCl, and 1.5 mm MgCl 2 . Each PCR was overlaid with mineral oil and incubated at 95 C for 5 min, followed by: for G6PDH and LH receptor, 35 cycles of 95 C for 30 sec, 62 C for 30 sec, and 72 C for 90 sec, followed by 72 C for 10 min; for 3␤-HSD, 25 cycles of (and for CTGF, 30 cycles of) 95 C for 30 sec, 59 C for 30 sec, and 72 C for 90 sec, followed by 72 C for 10 min; and for progesterone receptors, 35 cycles of 94 C for 30 sec, 57 C for 30 sec, and 72 C for 60 sec, followed by 72 C for 5 min. PCR products were separated by applying 100 V for 75 min to 1% agarose gels with ethidium bromide and were visualized under UV transillumination.
Quantitative analysis of gene expression by RT-PCR
Each assay was optimized using PCR amplification of either human placental cDNA or previously extracted and characterized human luteal cDNA. The assays were optimized for annealing temperature and MgCl 2 concentration. PCR amplifications were performed using Thermostart Taq (AB Gene) in a DNA Engine gradient cycler (MJ Research, Inc., Watertown, MA). Eight PCRs, using the gradient facility of the cycler, were performed to demonstrate the PCR effectiveness at annealing temperatures between 52 and 68 C. Products were examined by gel electrophoresis to confirm the presence of a single band at the correct size and to confirm the optimal conditions. Magnesium concentrations were optimized on the light cycler between 3 and 5 mm. A melting curve analysis performed after the amplification step allowed optimization of the temperature used to quantify the level of gene expression by minimizing background fluorescence from nonspecifically amplified DNA. All assays exhibited a single DNA melting curve peak.
Quantitative real-time PCR was performed in duplicate 10-l reaction volumes on the LightCycler using the Master Mix supplied with the LightCycler Fast Start DNA Master SYBR Green 1 kit (Roche, Lewes, UK) at the optimized conditions. A standard curve was generated with serial dilutions of standardized cDNA using the second derivative maximum method provided with the LightCycler software (version 3.3). PCR product concentrations were automatically calculated for each tissue sample by the software by comparing the sample threshold cycle to the standard curve. In all cases the level of gene expression within the samples lay within the boundaries of the corresponding standard curve. All samples were analyzed in duplicate, and assay variation was typically within 10%.
Data were normalized according to the expression level of G6PDH, determined in duplicate by reference to a serial dilution calibration curve generated for each sample using the standard LightCycler software. PCR products were extracted from the LightCycler capillaries and analyzed on 2% agarose gels to confirm product size and reaction specificity.
Statistical analysis
Statistical analysis was carried out using ANOVA after confirmation of homogeneity of variance. Where significant differences (P Ͻ 0.05) were detected, pairwise comparisons were carried out using the Bonferroni test. Coculture expression of CTGF, LH receptor, and VEGF-R2 was compared with predicted levels using the Mann-Whitney U test. The statistical test used is shown after each P value in Results.
Results
Expression of CTGF in human corpora lutea
CTGF mRNA is expressed in human corpora lutea at all stages of the luteal phase (Fig. 1) . Quantitative analysis of CTGF mRNA expression using real-time RT-PCR showed no significant differences across the normal luteal phase, although there was a trend to increasing CTGF expression from the early to the late luteal phase (P ϭ 0.098, by ANOVA). Luteal rescue with exogenous hCG, however, resulted in a decrease in CTGF expression compared with the mid (P Ͻ 0.05, by ANOVA) and late (P Ͻ 0.05, by ANOVA) luteal phases (Fig. 1 ). In this model system, where hCG rescues the corpus luteum from luteolysis and mimics the hormonal changes of early pregnancy (6), hCG inhibits CTGF expression.
Cellular localization of CTGF expression in human corpora lutea
The cellular localization of CTGF mRNA expression was assessed using isotopic in situ hybridization. The pattern of expression was similar in all corpora lutea examined, and no specific expression was detected using the sense riboprobe as a negative control. Specific CTGF expression was particularly localized to cells other than the granulosa-lutein cells at   FIG. 1 . Expression of CTGF mRNA in human corpora lutea using real-time quantitative RT-PCR. CTGF expression was determined in early-luteal (Early; LHϩ1 to LHϩ5; n ϭ 5), midluteal (Mid; LHϩ6 to LHϩ10; n ϭ 10), and late-luteal (Late; LHϩ11 to LHϩ14; n ϭ 7) corpora lutea and in corpora lutea rescued with exogenous hCG (Resc; hCGx5 to hCGx8; n ϭ 6). CTGF expression varied in these groups (P Ͻ 0.05, by ANOVA). The expression of CTGF after luteal rescue was decreased compared with that in the mid-and late-luteal phases (*, P Ͻ 0.05, by ANOVA).
all stages of the luteal phase (Fig. 2) . CTGF mRNA was highly expressed in individual cells. These cells were localized in the vicinity of blood vessels, in the radial spurs of connective tissue running through the steroidogenic cells and at the edge of the clot-filled, central cavity (Fig. 2, A and B) .
The nature of the cells expressing CTGF was also investigated with serial sections immunostained for endothelial cells and fibroblasts (Fig. 2, C and D) . The endothelial cells of the microvasculature within the steroidogenic cell layer tended not to express high levels of CTGF (Fig. 2C) . However, CTGF expression was localized to the endothelial cells of larger vessels in the corpus luteum (Fig. 2, B , C, E, and F). CTGF expression was localized to fibroblasts in the antral cavity (Fig. 2, B and D) as well as some fibroblasts associated with the larger blood vessels (Fig. 2, B, D, and E) . In addition, CTGF expression could be localized to fibroblasts in the peripheral stromal tissue surrounding the steroidogenic cell layer (Fig. 2G) . This localization was consistent in corpora lutea examined at different stages of the luteal phase (Fig.  2G) . Because LH/hCG receptors are localized to the steroidogenic cells of the corpus luteum (7), and the main cellular source of CTGF does not appear to be these cells, hCG inhibition of CTGF expression during luteal rescue may be through paracrine signaling.
Expression of CTGF in luteal cell populations
To establish the nature of the hypothesized paracrine control of CTGF expression, a primary cell culture model was developed. Luteinized granulosa cells were obtained from women undergoing oocyte recovery as part of an assisted conception program. These cells tend to express LH/hCG receptors and 3␤-HSD (Fig. 3 ) rather than CTGF (Fig. 3) . Fibroblast-like cells were found to be a low-level contaminant of luteinized granulosa cells collected at oocyte retrieval. With prolonged culture the luteinized granulosa cells disappeared, and the fibroblast-like cells grew to confluence. These fibroblast-like cells tended to express CTGF and not LH/hCG receptors or 3␤-HSD (Fig. 3) . Both luteinized granulosa cells and these fibroblast-like cells expressed genomic progesterone receptors (Fig. 3) .
Effect of hCG on CTGF expression in culture
CTGF expression by fibroblast-like cells was not affected by exposure to hCG in vitro (Fig. 4, A and B) . However, CTGF expression in cocultures of fibroblast-like cells and luteinized granulosa cells was inhibited (P Ͻ 0.001, by ANOVA) by hCG (Fig, 4, A and B) . This suggested that cocultures could function as a model system to investigate the paracrine regulation of CTGF expression.
However, analysis of CTGF expression using quantitative RT-PCR could detect low levels of expression in luteinized granulosa cells that were inhibited (P Ͻ 0.001, ANOVA) by hCG to a similar magnitude as in cocultures (Fig. 4C) . This was not reliably detected by the less sensitive gel analysis (Fig. 3) . This effect could be due to the low level of fibroblast contamination known to be in luteinized granulosa cells, or the luteinized granulosa cells themselves may themselves express low levels of CTGF in culture.
The effects of duration of culture and hCG on CTGF expression in luteinized granulosa cells were therefore examined. CTGF expression tended to increase with duration of culture (P Ͻ 0.05, by ANOVA). By d 11, the expression of CTGF was very variable and not statistically different from that in fibroblast-like cell cultures. The inhibitory effect of hCG had lost statistical significance by d 11. On d 2 and 5 of culture, CTGF expression was much lower than fibroblastlike cell expression (P Ͻ 0.0001, by ANOVA), and this was inhibited by hCG (P Ͻ 0.01, ANOVA). On d 8, there was greater CTGF expression than on d 5 (P Ͻ 0.05, by ANOVA), but it was markedly lower than in fibroblast cultures (P Ͻ 0.001, by ANOVA) and was inhibited by hCG (P Ͻ 0.05, by ANOVA). These results are consistent with the effect being through contaminating fibroblasts that increase in proportion as they divide and the luteinized granulosa cells are lost. However, it did not exclude a contribution of CTGF expression from both fibroblast-like cells and luteinized granulosa cells that could be affected by hCG.
Paracrine control of CTGF expression in coculture
Experiments were therefore designed to investigate the amount of inhibition of fibroblast-like cell CTGF expression by hCG in cocultures and whether the addition of luteinized granulosa cells could inhibit fibroblast-like cell CTGF ex- pression in the absence of hCG. We hypothesized that the contribution of each cell type to CTGF expression in coculture experiments could be calculated from the quantified expression in each cell type separately and the cellular composition of the coculture. A predicted value was calculated for the expression in coculture based on this paradigm and tested using a molecular marker predominantly expressed in the fibroblast-like cells (VEGF-R2; Fig. 5A ) and one predominantly expressed in luteinized granulosa cells (LH receptor; Fig. 5B ). Both of these markers gave the predicted values when tested (Fig. 5, A and B) , lending validity to this method of investigation.
Using this paradigm it was shown that the addition of luteinized granulosa cells is associated with an inhibition of fibroblast-like cell CTGF expression (P Ͻ 0.05, by MannWhitney U test; Fig. 5C ) and that hCG further decreased the expected expression (P Ͻ 0.01, by Mann-Whitney U test; Fig.  5D ). It is therefore likely that luteinized granulosa cells inhibit fibroblast-like cell CTGF expression in a paracrine manner, and this inhibition is increased by hCG.
Regulation of CTGF expression in fibroblast-like cells
Because CTGF expression in ovarian fibroblast-like cells appears to be regulated, a candidate molecule approach was used to identify potential paracrine regulators of its expression. Candidate molecules and concentrations examined were determined by examination of the literature. Ovarian fibroblast-like cell CTGF was stimulated by activin A ( Fig.  6A ; P Ͻ 0.05, by ANOVA) and inhibited by IL-1␣ ( Fig. 6B ; P Ͻ 0.05, by ANOVA) and the cAMP pathway ( Fig. 6D ; P Ͻ 0.001, by ANOVA). There was no clear dose-response effect of progesterone on fibroblast-like cell CTGF expression (Fig.  6C) . However, because there seemed to be a reduction in CTGF expression when 10 m progesterone was compared with 0.1 m progesterone (Fig. 6C) , a paracrine effect of progesterone on the regulation of CTGF in this model system could not be excluded.
Progesterone and paracrine regulation of CTGF
Because progesterone is an hCG-dependent secreted product of granulosa-lutein cells (24) , and the fibroblast-like cells express genomic progesterone receptors (Fig. 3) (19) , it remained an attractive candidate as a paracrine-signaling molecule. We therefore devised a system in which the progesterone concentrations in the presence of hCG could be manipulated (24) (Fig. 7) . In the presence of hCG, CTGF expression was similarly inhibited in the presence of high (hCG plus LDL; P Ͻ 0.001, by ANOVA), intermediate (hCG; P Ͻ 0.001, by ANOVA), and control (hCG plus aminoglutathamide; P Ͻ 0.001, by ANOVA) concentrations of progesterone (Fig. 7) . The hCG-stimulated product from luteinized granulosa cells that regulates CTGF expression in fibroblast-like cells does not appear to be progesterone. 
Other molecules and paracrine regulation of CTGF expression
Coculture experiments designed to neutralize the effects of prostaglandins (PGs) and activin were carried out (Fig. 8) . The inhibition of CTGF expression by hCG in cocultures was not altered in the presence of large concentrations of follistatin or indomethacin (Fig. 8) .
Discussion
These experiments describe the expression and localization of CTGF in the human corpus luteum. We determined that CTGF mRNA is expressed in the human corpus luteum and is down-regulated by hCG during luteal rescue. This suggests that CTGF has a role in luteal development and that it may be one of the factors involved in luteolysis.
There is already evidence that CTGF may be involved in the regulation of ovarian function, because rat granulosa cell CTGF expression is rapidly and markedly suppressed by FSH (13) . In rat (14) , pig (12) , and mouse (15) ovaries, CTGF is expressed in granulosa cells of the late preantral and antral follicles, and its expression is down-regulated in preovulatory follicles (12, 14) , coinciding with FSH-induced granulosa cell maturation (15) . Because CTGF is up-regulated at the time of ovulation in rat and pig ovaries (12, 14) and can be detected in human follicular fluid (28) , it may have a role in the formation of the corpus luteum. Indeed, as well as regulating collagen deposition in fibroblasts, CTGF has been shown to have mitogenic and chemotactic roles during angiogenesis and tissue remodeling (9, 10, 29) . Because CTGF continues to be expressed in the fully formed corpus luteum in the midluteal phase, its role is not restricted to luteal formation. Indeed, CTGF seems to have a particular role in the late luteal phase, because it tends to be maximal in this phase and is inhibited by hCG during luteal rescue in early pregnancy. Because luteolysis is associated with fibrosis and remodeling, and CTGF is involved in these processes during wound healing (9) [and can regulate the production or activity of matrix metalloproteases (29) ], it is likely that CTGF is involved in its regulation.
We were able to localize the expression of CTGF mRNA in human corpora lutea. CTGF was expressed, in all stages of the luteal phase, in scattered individual cells. These cells appear to represent a proportion of luteal endothelial cells and fibroblasts. In rat and pig ovaries, CTGF expression in the developing corpus luteum was primarily detected in endothelial cells of the developing vasculature and in cells in the stroma and antral cavity (12, 14) . It was believed that CTGF-expressing cells migrate into the corpus luteum RT-PCR standardized against G6PDH expression. Activin A significantly increased CTGF expression (P Ͻ 0.05, by ANOVA; at a concentration of 50 ng/ml). IL-1␣ treatment resulted in a dose-responsive inhibition (P Ͻ 0.05, by ANOVA; at 50 and 500 pg/ml). There were no significant differences in CTGF expression from controls (C) after progesterone treatment (by ANOVA). However, treatment with 10 M progesterone resulted in lower CTGF expression than 0.1 M progesterone (P Ͻ 0.01, by ANOVA). Treatment with dibutyryl cAMP inhibited CTGF expression at all concentrations examined (P Ͻ 0.001, by ANOVA; at 0.5 mM or greater concentrations). Significant differences are indicated by asterisks.
shortly after ovulation (12) . This localization is not unexpected, because CTGF is expressed by fibroblasts, vascular smooth muscle cells, and endothelial cells in other tissues (9, 30) . Indeed, it can also be detected in cultured human endothelial cells and fibroblasts. It is hypothesized that CTGF acts on the same cells that produce it in a paracrine or autocrine manner (9) .
We detected little CTGF mRNA expression in granulosalutein cells of the corpus luteum. In the rat, expression was also largely absent from these cells during luteal development (14) . The same pattern is seen in the pig ovary during the formation of the corpus luteum (12) . This is consistent with granulosa cell CTGF expression being inhibited during steroidogenic cell differentiation and maturation through the increased stimulation of intracellular cAMP. However, unlike what was reported in the rat and what we found in women, CTGF expression in the pig granulosa cells appears to be present in the midluteal phase at the time of maximal luteal function (12) . We did not see this in any of the human corpora lutea examined throughout the luteal phase. However, there was a trend for CTGF to increase after prolonged culture of luteinized granulosa cells. Such expression, in the form of IGF-binding protein-related protein-2 (9, 31), has been previously noted in human luteinized granulosa cells cultured in serum (32) . However, it is likely that this represents increasing proportions of contaminating fibroblasts rather than increasing steroidogenic cell expression, because we have demonstrated contaminants in luteinized granulosa cell cultures. Regardless, if there is CTGF expression in functional luteinized granulosa cells, it is at low levels consistent with the nonsteroidogenic cells being the major source of CTGF in the functional human corpus luteum. It would be interesting, however, to investigate CTGF expression in regressing steroidogenic cells of menstrual corpora lutea and corpora albicans.
One interesting observation that is consistent in all species examined is the marked periantral punctate expression of CTGF at the time of follicular rupture and luteal development (12-14). We have not been able to fully characterize the nature of these cells, because not all of these cells stain with endothelial cell or fibroblast antibodies. Whether these are specialized granulosa cells or less differentiated cells that act like endothelial or fibroblast precursors is not clear. However, it is likely that these cells are involved in the tissue and vascular remodeling seen in luteal development. We hypothesize that these CTGF-expressing cells are involved in the neovascularization of the corpus luteum.
Because the steroidogenic cells that express LH/hCG receptors are not the primary source of CTGF in the human corpus luteum, it was not clear how hCG inhibited CTGF expression. Using a novel coculture model, we found that hCG also inhibited fibroblast-like cell CTGF expression in vitro and that this effect was mediated indirectly by as yet unidentified paracrine molecules from luteinized granulosa cells.
One of the key components of the in vitro model is fibroblast-like cells. Because luteinized granulosa cells are terminally differentiated, with a limited life span, these cells can only be cultured for short periods of time before they disappear from culture. At oocyte retrieval, more than one cell type is present in follicular fluid. As well as luteinized granulosa cells, there are fibroblasts, red blood cells, white blood cells, ovarian surface epithelial cells, and endothelial cells. As we have demonstrated, not all of these cells are removed by the purification process; indeed, endothelial-like cells can be grown out of luteinized granulosa cell cultures (33) . Contaminating fibroblast-like cells will divide in the presence of serum until they populate the cultures. Although the exact nature of these cells is not clear, they have the appearance of fibroblasts rather than endothelial cells (33) or surface epithelial cells in culture (34) . Daily inspection of the cultures gave the impression that these cells were present in initial cultures and were selected for during prolonged culture rather than being derived from luteinized granulosa cells. Whatever their nature, these cells behave like fibroblasts in culture and have the expression profile expected of fibroblasts for the genes examined.
This model system has limitations. Although luteinized granulosa cells respond to hCG in culture, they may be different from the granulosa-lutein cells of the corpus luteum. Similarly, the relationship of fibroblast-like cells to luteal CTGF-secreting cells remains uncertain. However, there are clear similarities with luteal steroidogenic cells and fibroblasts in their expression profile. In addition, our model system reveals a clear paracrine effect on CTGF expression in vitro similar to that determined in vivo. Whether this paracrine effect is the same as that in the corpus luteum remains to be determined, but in the absence of better experimental systems in the human, such modeling may facilitate the development and testing of hypotheses about the paracrine regulation of luteal function.
Using this model, we confirmed the hypothesis that gene expression in coculture should be a sum of the expression in one cell type plus the expression in another cell type using cocultures and analyzing genes expressed highly in one or another cell type. This allowed us to determine that luteinized granulosa cells inhibited CTGF expression in fibroblastlike cells, and this inhibition was increased by hCG. This is not surprising, because these cells function, secreting molecules such as progesterone and VEGF (24) , in the absence of hCG. It is likely that paracrine regulatory molecules are basally secreted, and this secretion is also regulated by hCG (24) .
The nature of the hCG-induced factor from luteinized granulosa cells that inhibits fibroblast-like cell CTGF expression is not clear. We tested candidate molecules identified from the existing literature. There is evidence that steroids can affect CTGF expression. In the mouse ovary, androgens augment FSH-induced inhibition of CTGF expression, possibly mediated by the inhibition of cAMP catabolism (15) . Dexamethasone was found to be a potent inducer of CTGF expression in cultured fibroblasts (35) . In addition, CTGF is found in uterine fluids and shows cyclical changes (36) . CTGF expression is stimulated by estradiol and inhibited by progesterone in the uterus of ovariectomized mice (37). We did not, however, find any evidence for progesterone regulation of luteal CTGF expression. Although we cannot exclude a role for progesterone, because it is still present in control cultures, it is clear that the down-regulation of CTGF mRNA by hCG in primary cell cocultures is independent of progesterone concentrations.
There are other candidate molecules that may be paracrine regulators of CTGF expression. It is possible that hCG may inhibit the production of a luteinized granulosa cell product that stimulates CTGF expression. CTGF is strongly induced by TGF-␤, and activin can up-regulate CTGF expression (15, 30) . We have shown that activin up-regulates ovarian fibroblast-like cell CTGF expression but have failed to demonstrate any effect on follistatin in cocultures. PGE 2 increases CTGF expression in rat smooth muscle cultures expressing the EP4 receptor (38) . PGs, such as PGE 2 through the EP2 receptor (38, 39) , and Iloprost, an IP prostanoid agonist, can inhibit CTGF (40) . Indomethacin, however, did not alter CTGF expression in cocultures. In addition, keratinocytes can inhibit skin fibroblast CTGF expression by paracrine molecules, and this is not affected by the presence of indomethacin (27) . The marked effect of cAMP in culture, however, does suggest that anything stimulating cAMP formation in fibroblasts will down-regulate CTGF expression (29) .
The factors that are involved in the inhibition of skin fibroblast CTGF expression by keratinocytes in culture are soluble and stable (27) . An analysis of the cytokines secreted showed no involvement of TNF-␣, but suggested that IL-1␣ was present. Subsequent treatment with IL-1␣ neutralizing antibodies negated the inhibition of CTGF by the keratinocyte-conditioned medium (27) . We have confirmed that IL-1␣ can inhibit ovarian fibroblast-like cell CTGF expression. This and the fact that IL-4 attenuates TGF-␤-stimulated induction of CTGF mRNA (41) mean that cytokines are clear targets for additional investigation and manipulation. TNF-␣ can inhibit CTGF expression (42, 43) . Although IL-1 is secreted by luteinized granulosa cells (44) , model systems have suggested that its production may be inhibited by gonadotropins (45) . Additional investigation of the paracrine role of cytokines is therefore indicated.
In summary, we have shown that CTGF is present in the human corpus luteum and have suggested roles for CTGF in the development of the luteal vasculature and the tissue remodeling associated with luteolysis. It is inhibited by hCG during maternal recognition of pregnancy, and this inhibition appears to be mediated by paracrine factors. We have developed a coculture system to investigate the effect of hCG on CTGF expression and confirmed that the change is mediated by paracrine factors. Although there are attractive candidate molecules for these paracrine factors, testing these molecules in culture has not clearly revealed the nature of the paracrine interaction. A detailed investigation into the nature of the paracrine molecules involved and whether these effects are general or specific to the ovarian cells is indicated.
